Phase-locked particle image velocimetry is used to study the mechanism of induced flow in the near field of a rf dielectric barrier discharge actuator mounted in the separated flow region of a bluff body. Flow actuation is found to be asymmetric, with suction toward the buried downstream electrode when it is biased positively relative to the upstream exposed electrode. Lesser flow is seen on the reverse voltage swing, where the buried electrode should attract positive ions. This phenomenon is enhanced when oxygen is added to the flow, suggesting that oxygen negative ions, possibly O 2 − , play a dominant role in plasma actuation. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2803755͔
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Plasma-based methods of aerodynamic flow control have emerged over the past decade. One method employs surfaceembedded dielectric barrier discharge ͑DBD͒ actuators, [1] [2] [3] [4] [5] in which radio frequency ͑rf͒-induced ion migration ͑"ion wind"͒ imparts momentum transfer to near-surface fluid, generating a wall jet that alters the boundary layer properties. This surface actuation has been used to control flow separation and thereby reduce aerodynamic drag, 6 or alter lift on air foils at high angle of attack. 7 The DBD actuator is a simple device, a schematic of which is shown in Fig. 1 , on the bluff body studied here. The reader is directed to the thorough review of these and other types of plasma actuators by Moreau 8 for more details, as only a brief account of its operation is presented here. Layered on top of the aerodynamic surface, the actuator consists of buried and exposed thin conducting electrodes separated by a dielectric material ͑e.g., polycarbonate foil͒, driven at rf voltages ͑ϳ5-10 kV͒ at frequencies ranging from 1 to 30 kHz. Conventional wisdom related to the operation of these discharges, based on numerical simulations, 9, 10 is that the electrons generated by avalanche ionization near the exposed electrode during the forward stroke of the rf cycle ͑when the exposed electrode is driven negative relative to the buried electrode͒ rapidly migrate toward the dielectric barrier and accumulate on its surface. Positive ions generated during this forward stroke migrate toward and recombine on the exposed electrode. The rapid electron migration and charge accumulation self-terminate this discharge. During the reverse stroke, the electrons are quickly discharged from the dielectric surface, stream toward the exposed electrode, and further participate in avalanche ionization, eventually recombining on the exposed electrode. While a single streamer event can last tens of nanoseconds in duration, multiple streamers can take place over the entire electrode, resulting in nanosecond pulse bursts of current during this forward stroke. The positive ions born during this phase of the cycle migrate toward the buried electrode, producing strong ion wind suction through momentum exchange collisions with background neutrals. The plasma density during this reverse stroke is calculated to be larger than that of the forward stroke, due to the electron streaming and subsequent ionization from the stored surface charge on the dielectric. 10 As a result, the computed force on the neutral fluid due to the positive ion migration generated during the reverse stroke is calculated to be much greater than that of the reverse positive ion migration on the forward stroke, and the result is a net force in the direction away from the exposed electrode, generating a so-called wall jet. 8 Recent experiments 11 indicate that the strength of the actuation of the flow is greater in flows containing oxygen in comparison to those in pure nitrogen, suggesting that oxygen ions ͑possibly even negative ions͒ play a significant role in the force mechanism. It is not surprising that copious levels of oxygen negative ions can be generated in these discharges, since other types of reactive oxygen were found to be important in the application of similar discharges to sterilization. 12 Numerical simulations 10 confirm that the total ion concentrations in pure O 2 are more abundant than in pure N 2 during the reverse stroke of the DBD discharge-a result attributed to the lower ionization potential of O 2 . 10 These and other simulations 13 included the formation of O − ions, which were found to have only a slight effect of diminishing the force during the reverse stroke.
In this letter, we provide compelling evidence that the greatest suction force with DBD actuation is generated during the forward stroke of the discharge, contrary to conven- tional wisdom. Paraelectric 14 forces alone do not satisfactorily account for this asymmetry between the forward and reverse strokes of the rf cycle. One possible explanation for this asymmetric behavior is the formation of negative ions during the forward stroke, most likely O 2 − , that migrate toward the dielectric to cause this suction flow. Surprisingly, we see little flow during the reverse stroke, suggesting that electrons released from the dielectric gain too much energy to favor electron attachment ͑the attachment coefficient diminishes with increased field 15 ͒, and possibly form positive ions that generate a weaker suction flow.
The measurements are carried out in the near field of a single electrode-pair actuator integrated into the surface of a bluff body exposed to a 0.7 m / s air flow in a wind tunnel, as seen in Fig. 1 . The DBD used here consists of 90 m thick copper electrode foil between which is a 520 m thick glass fiber dielectric tape. The exposed electrode is upstream of that buried below the dielectric layer. This particular aerodynamic flow configuration is intended to simulate the DBD plasma-induced turning of an otherwise separated air stream following the formation of relatively thick boundary layers. 16 The boundary layer is generated by connecting a 200 mm long flat plate to the tangent of a 114 mm diameter halfcylinder, with the flat plate oriented parallel to the free stream. For the results described here, the single electrode pair is placed on the bluff body at an angle of 60°from where the flat plate contacts the half cylinder, where separation is seen at these flow conditions. In our past studies, 16 multiple actuator pairs were distributed over the cylinder to achieve stronger actuation, and the electrodes were driven by periodic rf voltages. In the study presented here, we use a single electrode pair to simplify the interpretation of the resulting actuated flow, since we found that significant electrode-pair interactions exist when multiple electrode pairs are placed around the cylinder. Furthermore, we use, instead of steady rf actuation, a power supply capable of producing a burst of at most two ͑11 kV peak-to-peak voltage͒ rf cycles, at a repetition rate of 260 Hz. Typical voltage ͑of the exposed electrode relative to the buried electrode͒ and current ͑measured at the buried electrode͒ traces are shown in Fig. 2 . During flow actuation, the luminous discharge extends 3 mm in the streamwise direction above the buried electrode and is approximately 20 mm wide in the direction of gas flow.
Phase-locked particle Image Velocimetry ͑PIV͒ is used to measure the local instantaneous flow velocity at specific times within the voltage cycle. Phase-locked PIV is widely used in experimental fluid mechanics and was used recently to study the dynamics of DBD-driven synthetic plasma jets. 17 PIV involves the collection of Mie scattering images of particles ͑here, 0.3 m nominal diameter alumina͒ seeded into the flow from successively pulsed laser sheets. A crosscorrelation analysis of the particle positions in the two images is used to extract the velocity over the time between the laser pulses. Figure 2 also depicts the three time intervals ͑labeled A, B, and C͒ within the voltage cycle over which the flow velocity field is captured by PIV. The two consecutive 532 nm laser sheets used to illuminate the flow are separated by 120 s. Electrophoretic forces are found to be negligible, through a controlled experiment comparing the seed particle density distributions in the absence and presence of the discharge.
Velocity fields obtained from an ensemble average of 100 instantaneous PIV images phase-locked to regions A, B, and C are shown in Figs. 3͑a͒-3͑c͒ , respectively. Note that in these figures, which encompass a close-up of the near-field region of the actuator on the cylinder, the direction of free stream air is from the bottom to the top, and the red color coding represents a region which has high ͑suction͒ flow to the right while blue color coding shows a region which has high velocity component to the left. The gray region and black stripes serve to illustrate the locations of the body and electrode pairs, respectively.
We see that when the exposed electrode is negatively biased relative to the buried electrode, i.e., during the forward stroke of the first rf cycle ͓Fig. 3͑a͔͒, there is a signifi- cant suction flow into the buried electrode. This provides compelling evidence that negatively charged ions are created during this phase of the cycle and migrate toward the dielectric surface. When the applied field reverses ͓Fig. 3͑b͔͒, making the buried electrode more negative with respect to the exposed electrode, the strong suction diminishes but is not eliminated, as evidenced by the yellow shading in the immediate vicinity of the surface. We believe that this weaker flow is driven by a lesser degree of positive ion migration. During the first phase of the second, weaker cycle ͓Fig. 3͑c͔͒, the suction flow returns, although it is not as strong as that in Fig. 3͑a͒ , since the applied voltage is correspondingly lower. Flow effects diminish rapidly as the rf pulses become weaker in intensity.
To confirm that the source of the suction flow is attributable to oxygen species, experiments were conducted in oxygen enriched air ͑31% oxygen by volume͒ and in nitrogen enriched air ͑83% nitrogen by volume͒. The strength of the suction flow is found to be correspondingly stronger in oxygen-rich cases, and weaker in nitrogen-rich cases, as can be seen from the ensemble-averaged PIV images in Fig. 4 . This supports the findings in the experiments presented in Ref. 11 but further clarifies the force mechanism. Our data present evidence that oxygen and oxygen negative ions, in particular, are responsible for the majority of the actuation force when these DBD plasmas are operated in air, and that the force is generated predominantly during the forward stroke of the rf cycle when the dielectric surface is attracting negative charge. 
